Abstract Purpose: We determined whether the administration of the tyrosine kinase inhibitor, AEE788, which targets the epidermal growth factor receptor and the vascular endothelial growth factor receptor, alone or in combination with paclitaxel, can inhibit progressive growth of human ovarian carcinoma in the peritoneal cavity of female nude mice. Experimental Design:Western blot analysis and immunohistochemical analysis identified the optimal dose and schedule of AEE788 therapy. In several different experiments, paclitaxelsensitive and paclitaxel-resistant human ovarian carcinoma cells were injected into the peritoneal cavity of nude mice. Seven days later, treatment with saline (control), AEE788 alone, paclitaxel alone, or a combination of AEE788 and paclitaxel began and continued for 45 days when the mice were necropsied. In independent survival experiments, the mice were necropsied when they became moribund. Results: Oral administration of AEE788 inhibited phosphorylation of the epidermal growth factor receptor and vascular endothelial growth factor receptor for up to 48 hours. Treatment with AEE788 plus paclitaxel significantly reduced tumor weight and increased survival of mice implanted with paclitaxel-sensitive cell lines compared with control mice or mice treated with AEE788 alone or paclitaxel alone. In mice implanted with paclitaxel-resistant cells, the combination therapy also significantly reduced tumor weight but did not prolong survival.The combination therapy induced apoptosis of both tumor cells and tumor-associated endothelial cells. Conclusions: The administration of AEE788 and paclitaxel inhibits the progression of human ovarian carcinoma in the peritoneal cavity of female nude mice, in part, by inducing apoptosis of tumor-associated endothelial cells.
The growth and metastasis of neoplasms, including ovarian carcinoma, depend on the formation of adequate vasculature (i.e., angiogenesis; ref. 7) . Vascular endothelial growth factor (VEGF) is one of many proangiogenic factors whose receptors include VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1; ref. 8) . Hypoxia, an important stimulus for VEGF production by both normal and tumor cells, can stimulate vascular permeability and angiogenesis (9) . The expression of VEGF is substantially increased in solid cancers, leading to greater microvascular density and a poor prognosis (10) . Several published reports implicate VEGF and VEGFR in the growth of ovarian carcinoma. Expression of VEGF, VEGFR-1, and VEGFR-2 was noted in malignant mucinous and serous tumors and in some borderline tumors, but not in benign tumors (11) . In earlystage ovarian cancer, overexpression of VEGF has been associated with a shortened disease-free survival (12) . Additionally, elevated preoperative VEGF levels have been shown to be an independent prognostic factor for patients with ovarian carcinoma (13) . VEGF levels are elevated in ascites, and inhibitors of VEGF activity have been shown to reduce the formation of malignant ascites and tumor growth in human ovarian carcinoma xenograft models (14) .
The epidermal growth factor (EGF) and its receptor (EGFR) play a critical role in the progression of ovarian carcinoma. EGF stimulates proliferation of both normal ovarian epithelial cells and ovarian cancer cells via autocrine and paracrine mechanisms (15, 16) . Elevated levels of the EGFR have been detected in ovarian tumors, in ascites, and in the urine of ovarian cancer patients (17, 18) . EGF stimulates the production of matrix metalloproteinase-9, which is commonly elevated in samples of invasive epithelial ovarian carcinoma from patients, leading to invasion (19, 20) . The EGFR is reported to be present in 33% to 75% of ovarian cancers (15, 21) . High expression levels of EGFR and ErbB2 correlate with poor survival (17, 21) . Expression of EGFR in ovarian cancer patients also correlates with decreased expression of a 5 -integrin subunit and matrix metalloproteinase-9 activity, which are critical for invasion (22) . Collectively, these data show that VEGF, VEGFR, EGF, and EGFR have critical roles in the progressive growth of ovarian carcinoma.
AEE788 (molecular weight, 440.6 kDa) is a recently described specific kinase inhibitor targeting both EGFR and VEGFR. It belongs to the class of the 7H-pyrrolo [2,3-d] pyrimidines (23) . In this study, we evaluated whether blockade of the VEGFR and EGFR activation by AEE788 can decrease the progressive growth of human ovarian cancer cells implanted into the peritoneal cavity of nude mice. We show that oral administration of AEE788 thrice per week combined with once weekly i.p. injection of paclitaxel induced apoptosis of tumor cells and tumor-associated endothelial cells and significantly increased survival in these mice.
Materials and Methods
Ovarian cancer cell lines, organ-specific endothelial cells, and culture conditions. For these studies, we used highly metastatic human ovarian cancer cell lines Hey A8, SKOV3ip1, and the taxane-resistant cell line Hey A8-MDR. The derivation and sources of the cell lines have been previously reported (24 -27) . SKOV3ip1 and Hey A8 cells were grown as monolayer cultures in complete MEM (Life Technologies, Inc., Grand Island, NY) supplemented with 10% fetal bovine serum, vitamins, sodium pyruvate, L-glutamine, nonessential amino acids (Life Technologies), and penicillin-streptomycin (Flow Laboratories, Rockville, MD). Hey A8 paclitaxel-resistant cells were grown in complete MEM containing 300 ng/mL paclitaxel (Taxol, Bristol-Myers Squibb, Co., Princeton, NJ). The tumor cells were tested and found to be free of Mycoplasma and pathogenic murine viruses, as previously reported (27) .
Organ-specific endothelial cell lines from the ovary and mesentery were derived from female mice homozygous for a temperature-sensitive SV40 large T antigen (ImmortoMice; CBA/ca Â C57Bl/10 hybrid; Charles River Laboratories, Wilmington, MA; ref. 28) . The endothelial cells were maintained in monolayer cultures in DMEM supplemented with 10% fetal bovine serum, vitamins, sodium pyruvate, L-glutamine, nonessential amino acids (Life Technologies), and penicillin-streptomycin (Flow Laboratories). Monolayers were initially incubated at 33jC and then changed to a 37jC incubator to become terminally differentiated. The endothelial cells were free of Mycoplasma and pathogenic murine viruses (assayed by Science Applications International Corporation).
Reagents. Primary antibodies were purchased from the following manufacturers: rabbit anti -phosphorylated (p)-VEGFR-2/3 (Flk-1; Oncogene, Boston, MA); rabbit anti-human, mouse, rat VEGFR (C1158; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit antihuman p-EGFR (Tyr   1173 ; Biosource, Camarillo, CA); rabbit antihuman EGFR for paraffin samples (Santa Cruz Biotechnology); rabbit anti-human EGFR for frozen samples (Zymed, San Francisco, CA); rat anti-mouse CD31 (BD PharMingen, San Diego, CA); mouse antiproliferating cell nuclear antigen (PCNA) clone PC 10 (Dako, A/S, Copenhagen, Denmark); and rabbit anti-mouse, human, rat phosphorylated-Akt (p-Akt; Cell Signaling, Beverly, MA). The following secondary antibodies were used for colorimetric immunohistochemistry: peroxidase-conjugated goat anti-rabbit IgG; F(abV )2 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA); biotinylated goat anti-rabbit (Biocare Medical, Walnut Creek, CA); streptavidin horseradish peroxidase (DAKO); rat anti-mouse IgG2a horseradish peroxidase (Serotec, Harlan Bioproducts for Science, Inc., Indianapolis, IN); and goat anti-rat horseradish peroxidase (Jackson ImmunoResearch Laboratories). The following fluorescent secondary antibodies were used: goat anti-rabbit Alexa 488 and goat anti-rat Alexa 594 (Molecular Probes, Inc., Eugene, OR). Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) staining was done using a commercial apoptosis detection kit (Promega, Madison, WI) with modifications. Other reagents include Hoechst 3342 dye (Polysciences, Inc., Warrington, PA), stable 3,3V -diaminobenzidine (Research Genetics, Huntsville, AL), Gill's hematoxylin (Sigma-Aldrich Corp, St. Louis, MO), cold water fish skin gelatin 40% (Electron Microscopy Sciences, Fort Washington, PA), and propyl gallate (AC-ROS Organics, Morris Plains, NJ).
AEE788 was generously provided by Novartis Pharma, AG (Basel, Switzerland). For in vitro administration, AEE788 was dissolved in DMSO (Sigma-Aldrich) to a concentration of 20 mmol/L and further diluted to the appropriate final concentration in RPMI 1640 with 10% fetal bovine serum. DMSO in the final solution did not exceed 0.1% v/v. For in vivo administration (oral), AEE788 was dissolved in N-methylpyrrolidone and polyethylene glycol 300 1:9 (v/v). The AEE788 solution was prepared just before it was administered to the mice. Paclitaxel (Mead Johnson, Princeton, NJ) was diluted 1:6 in PBS for i.p. injections.
Western blot analysis. Cultures of Hey A8 and SKOV3ip1, mesenteric endothelial cells, and ovarian endothelial cells were washed twice with ice-cold PBS, and the cells were scraped into PBS containing 5 mmol/L EDTA and 1 mmol/L sodium orthovanadate, and centrifuged. The resulting pellet was resuspended in protein lysis buffer [20 mmol/L Tris-HCl (pH 8.0), 137 mmol/L sodium chloride, 10% glycerol, 2 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1% aprotinin, 20 Amol/L leupeptin, and 0.15 unit/mL aprotinin]. The protein content of the samples was quantified spectrophotometrically. Aliquots of 60 Ag protein were subjected to electrophoresis on 10% polyacrylamide gels. The protein was then transferred to a nitrocellulose membrane (Millipore, Bedford, MA) by electrotransfer. Following blocking with 3% bovine serum albumin in 0.5% Tween 20 in TBS [20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, and 0.1% Tween 20], the membrane was probed with a primary antibody [1:500 dilution of rabbit anti-VEGFR antibody (Santa Cruz Biotechnology); 1:20,000 dilution of rabbit anti-p-VEGFR antibody (Oncogene); 1:1,000 dilution of rabbit anti-EGFR antibody (Upstate Biotechnology, Lake Placid, NY); and 1:1,000 dilution of rabbit anti-p-EGFR antibody (Cell Signaling)]. The membranes were then washed and treated with a secondary antibody conjugated to horseradish peroxidase (goat antirabbit at a 1:2,000 dilution, Jackson ImmunoResearch Laboratories). Protein bands were visualized using a commercially available chemiluminescence kit (Amersham Biosciences, Piscataway, NJ).
To determine the dose of AEE788 required to inhibit phosphorylation of the VEGFR and EGFR, 3 Â 10 6 SKOV3ip1 and Hey A8 cells were plated. Twenty-four hours later, the medium was removed and the cells were washed twice with PBS and incubated for 2 hours in serum-free medium with different concentrations of AEE788 in the presence or absence of 40 ng/mL recombinant human EGF (Santa Cruz Biotechnology). The cells were then harvested and processed as described above.
Animals. Female athymic nude mice (NCr-nu) were purchased from the Animal Production Area of the National Cancer Institute-Frederick Cancer Research and Development Center (Frederick, MD). The mice were housed and maintained under specific pathogen-free conditions in facilities approved by the American Association for Accreditation of Laboratory Animal Care in accordance with current regulations and standards of the U.S. Department of Agriculture, U.S. Department of Health and Human Services, and the NIH. The mice were used according to institutional guidelines when they were 8 to 12 weeks of age. ) cells. Twenty-one days later, the nude mice were randomized into six groups (five mice per group): oral AEE788 given every other day at doses of 5, 12.5, 25, 50, and 100 mg/kg thrice and killed 4 hours after the last dose. Body weight, tumor weight, and ascites (for mice with SKOV3ip1 tumors) were recorded.
To determine the optimal treatment schedule, 21 days after the i.p. implantation of Hey A8 cells (2.5 Â 10 5 ) or SKOV3ip1 cells (1 Â 10 6 ), nude mice were randomized into three groups (n = 8): oral PBS or oral AEE788 at 25 or 50 mg/kg. The mice were treated orally every day for 3 days. Two mice per group were killed at 4, 24, 48, or 72 hours after the last oral treatment. Immunohistochemistry was done on the tumors as described below.
To determine the optimal dose of AEE788 and paclitaxel on established human ovarian carcinomas in the peritoneal cavity of nude mice, the mice were injected i.p. with SKOV3ip1 tumor cells. Seven days later, the mice were randomized into the following groups (n = 10): (a) oral PBS daily and i.p. once per week; (b) paclitaxel 75 Ag i.p. once per week; (c) paclitaxel 125 Ag i.p. once per week; (d) oral AEE788, 50 mg/ kg, every other day; (e) oral AEE788, 100 mg/kg, every other day; ( f ) paclitaxel 75 Ag i.p. once per week and oral AEE788, 50 mg/kg, every other day; (g) paclitaxel 75 Ag i.p. once per week and oral AEE788, 100 mg/kg, every other day; (h) paclitaxel 125 Ag i.p. once per week and oral AEE788, 50 mg/kg, every other day; and (i) paclitaxel 125 Ag i.p. once per week and oral AEE788, 100 mg/kg, every other day. The mice were killed when moribund, and a survival analysis was done.
Therapy experiments. On the basis of our initial findings, we initiated a series of three separate therapy experiments and three survival experiments. Seven days after the i.p. injection of ovarian cancer cells, female nude mice were randomized into four groups (n = 10-12): (a) daily oral PBS and once per week PBS i.p.; (b) 125 Ag i.p. paclitaxel once per week for SKOV3ip1 or Hey A8 paclitaxel-resistant cells or 100 Ag i.p. paclitaxel once per week for Hey A8 cells; (c) AEE788 50 mg/kg every other day; and (d) 125 Ag i.p. paclitaxel once per week and oral AEE788, 50 mg/kg, every other day for SKOV3ip1 or Hey A8 paclitaxel-resistant cells or 100 Ag i.p. paclitaxel once per week and oral AEE788, 50 mg/kg, every other day for Hey A8 cells.
Immunohistochemistry. Paraffin sections (4 Am thick) were mounted on positively charged Superfrost slides (Fisher Scientific, Co., Houston, TX) and dried overnight. Immunohistochemical staining was done for the following antibodies: VEGFR (1:400 dilution), p-VEGFR (1:800 dilution), EGFR (1:400 dilution), and p-EGFR (1:100 dilution) at 4jC as previously described (27) . Control samples were exposed to secondary antibody alone showed no nonspecific staining. For p-Akt staining, fresh frozen tissues were cut into 8 Am sections and mounted on positively charged slides. Sections were stored at À80jC.
Immunohistochemistry with rabbit anti-mouse, human, rat (1:400 dilution) at 4jC was done.
Expression of PCNA and TUNEL was determined by immunohistochemistry using paraffin-embedded tissues (4-5 Am thick). Sections were deparaffinized in xylene, using a graded series of alcohol [100%, 95%, 80% ethanol/double-distilled water (v/v)], and rehydrated in PBS (pH 7.5). For PCNA immunohistochemistry, antigen retrieval was done by placing slides in distilled water and boiling in a microwave on high power for 5 minutes. Immunohistochemistry analysis of apoptotic cells was done using a commercially available TUNEL kit with modifications. Detection of PCNA, TUNEL, and CD31 was carried out as described previously (29) .
Double immunofluorescence staining for CD31, and vascular endothelial growth factor receptor, epidermal growth factor receptor, or their phosphorylated forms. Fresh frozen ovarian tumors were cut into 8 Am sections and mounted on positively charged slides. Sections were fixed in cold acetone for 10 minutes, followed by washes with PBS. Slides were blocked with PBS supplemented with 4% cold water fish skin gelatin. Samples were then incubated overnight with rat anti-mouse CD31 (1:600 dilution) at 4jC. The slides were rinsed with PBS, incubated with protein blocking solution, and then incubated with goat anti-rat Alexa 594 (1:600 dilution) for 1 hour at room temperature. Next, all slides were rinsed thrice with PBS, incubated in protein blocking solution, and then incubated with a VEGFR, p-VEGFR, EGFR, or p-EGFR primary antibody overnight at 4jC (1:400, 1:600, 1:200, or 1:100 dilution, respectively). The slides were incubated with the corresponding fluorescent secondary antibody goat anti-rabbit Alexa 488 for 1 hour at room temperature (1:600 dilution). After PBS washes, Hoechst nuclear counterstain was applied.
Immunofluorescence double staining for CD31 and terminal deoxynucleotidyl transferase-mediated nick end labeling. Frozen tissues were used for CD31/TUNEL immunofluorescence double staining as described previously (30) . Endothelial cells were identified by red fluorescence, and DNA fragmentation was detected by localized green fluorescence within the nucleus of apoptotic cells. Endothelial cells undergoing apoptosis were identified by yellow fluorescence (30) .
Quantification of microvessel density, proliferating cell nuclear antigen, and terminal deoxynucleotidyl transferase-mediated nick end labeling. To quantify microvessel density, 10 random 0.159 mm 2 fields at Â100 magnification were examined for each tumor, and the microvessels within those fields were counted. A single microvessel was defined as a discrete cluster of cells stained CD31(+) and the presence of a lumen was required for scoring as a microvessel. For quantification of PCNA expression or TUNEL, the number of positive cells was quantified in 10 random 0.159 mm 2 at Â100 magnification. Microscopy was done using a Nikon Microphot-FXA microscope (Nikon, Inc., Garden City, NY), and images were captured using a cooled charge-coupled device Hamamatsu 5810 camera (Hamamatsu Corp., Bridgewater, NJ) and Optimas Image Analysis software (Media Cybernetics, Silver Spring, MD). Photomontages were prepared using Micrografx Picture Publisher (Corel, Inc., Dallas, TX) and Adobe Photoshop software (Adobe Systems, Inc., San Jose, CA).
Statistical analyses. Comparisons of mean tumor weight, volume of ascites, and body weight were analyzed by ANOVA and t-tests using SPSS (SPSS, Inc., Chicago, IL). For comparisons of mean microvessel density, PCNA, and TUNEL + cells, Student's t-tests were used. KaplanMeier survival plots were generated and comparisons between survival curves were made with the log-rank statistic. A P-value of <0.05 was considered statistically significant.
Results
Inhibition of vascular endothelial growth factor receptor and epidermal growth factor receptor phosphorylation in human ovarian cancer cells by AEE788. In the first set of experiments, we used Western blot analyses to show the expression of (Fig. 1A) . The phosphorylation of the VEGFR was inhibited by AEE788 at concentrations of 1.0 to 2.0 Amol/L (Fig. 1B) .
Therapy of ovarian cancer growth in the peritoneal cavity of nude mice. To determine the optimal biological dose, we did preliminary experiments with a range of doses of AEE788 alone or in combination with paclitaxel. Mice were injected i.p. with SKOV3ip1 cells, and 7 days later, the mice were treated orally with AEE788 at either 50 or 100 mg/kg along with i.p. paclitaxel once per week at 75 or 125 Ag, or the combination of the AEE788 plus paclitaxel. Mice were killed 1 month later and autopsied. The results (data not shown; formal therapy experiments are presented below) suggested that the optimal biological dose of AEE788 was 50 mg/kg, and the lowest effective dose for paclitaxel in this ovarian cancer model was 125 Ag; these doses were used for subsequent experiments. There was no additional therapeutic benefit with AEE788 at doses above 50 mg/kg in these experiments. Furthermore, AEE788 100 mg/kg was associated with diarrhea in mice.
In the first set of therapy experiments, mice were injected with the SKOV3ip1 cells into the peritoneal cavity. Seven days later, we began therapy according to the following groups: (a) oral saline and i.p. saline (control), (b) oral AEE788, 50 mg/kg, every other day and once per week i.p. saline, (c) once per week i.p. injection of paclitaxel at 125 Ag/dose and oral saline every other day, and (4) oral AEE788, 50 mg/kg, every other day and once weekly i.p. 125 Ag paclitaxel (Table 1A) . Therapy with either AEE788 or paclitaxel decreased tumor weight and ascites. Treatment with AEE788 in combination with paclitaxel reduced the incidence of tumor and was highly effective in reducing tumor weight (P < 0.001) and eliminating ascites. The volume of ascites in mice treated with single-agent AEE788, paclitaxelalone, and the combination of AEE788 and paclitaxel groups was significantly lower compared with control (P = 0.005). Treatment with AEE788, paclitaxel, or the combination therapy did not affect body weight (P = 0.11). To confirm the results seen in the SKOV3ip1 cell line, Hey A8 cells were injected into NOTE: SKOV3ip1cells (1 Â10 6 cells) were injected into the peritoneal cavity of female nude mice. Seven days later, treatment began; mice were necropsied on day 45. Tumor incidence, tumor weight, body weight, and ascites were determined. *Number of mice with tumor/number of mice injected. the peritoneal cavity of mice. Single-agent paclitaxel had therapeutic advantage over the saline control by reducing tumor weight by 47% (Table 1B) . However, the AEE788-paclitaxel combination therapy was even more effective by reducing tumor weight by 77% (P = 0.002).
To determine whether the combination of AEE788 and paclitaxel was directed against the tumor cells that express activated receptors or also against the tumor-associated endothelial cells that express the activated EGFR and VEGFR, we conducted therapy experiments in nude mice implanted i.p. with the Hey A8 paclitaxel-resistant cells (Table 1C) . As expected, in these mice, therapy with paclitaxel alone was ineffective. Single-agent AEE788 reduced the tumor weight compared with results for the control and paclitaxel treatment groups (P = 0.001). Mice given the combination therapy had further reduction in tumor weight compared with other treatment groups (P < 0.001). Thus, results in three different tumor cell lines show that combination therapy with AEE788 and paclitaxel decreases the progressive growth of human ovarian cancer in the peritoneal cavity of nude mice.
In the next set of experiments, we determined the effect of AEE788 alone or in combination with paclitaxel on survival of mice injected with SKOV3ip1 cells (Fig. 2A) , Hey A8 cells (Fig. 2B) , or paclitaxel-resistant Hey A8 cells (Fig. 2C) into the peritoneal cavity. For mice implanted with SKOV3ip1 or Hey A8 cells, single-agent AEE788 did not prolong survival; however, administration of paclitaxel resulted in prolonged survival. Combination of AEE788 and paclitaxel was even more effective in prolonging survival (Hey A8: median survival 34 days for controls versus 77 days for the combination group; SKOV3ip1: median survival 36 days for controls versus 78 days for the combination group. Both P values are <0.001). Administration of paclitaxel to mice implanted with paclitaxel-resistant Hey A8 cells did not improve survival (Fig. 2C) , whereas single-agent AEE788 or AEE788 combined with paclitaxel significantly prolonged survival (P < 0.001).
Immunohistochemistry analysis. Immunohistochemistry analysis of SKOV3ip1, Hey A8, and Hey A8 paclitaxel-resistant tumors showed that tumor-associated endothelial cells expressed VEGFR, p-VEGFR, EGFR, and p-EGFR. Representative data for HeyA8 paclitaxel-resistant tumors are shown in Fig. 3 because the other two cell lines had similar results. Expression levels of VEGFR and EGFR were not reduced by any of the treatments. Endothelial cells in the HeyA8 paclitaxel-resistant tumors express VEGFR and EGFR (yellow fluorescence). Tumor cells and tumor-associated endothelial cells express both p-VEGFR and p-EGFR in mice treated with saline or only paclitaxel. In mice treated with AEE788 alone or with AEE788 and paclitaxel, the expression of p-VEGFR and p-EGFR by tumor cells and endothelial cells was decreased.
To further elucidate downstream effects of AEE788 on a key survival factor, immunohistochemistry analysis of paclitaxelsensitive and paclitaxel-resistant tumors for the expression of phosphorylated Akt was done (Fig. 4) . Treatment of mice with AEE788 alone or in combination with paclitaxel inhibits Akt phosphorylation, which may contribute to cell death. Next, the TUNEL method was used to evaluate tumor cell and tumorassociated endothelial cell apoptosis. When the double-labeled fluorescence technique is used, cells undergoing apoptosis (i.e., TUNEL + cells) exhibit green fluorescence, and endothelial ) were injected into the peritoneal cavity of female nude mice. Seven days later, treatment began; mice were necropsied on day 29. Tumor incidence, tumor weight, and body weight were determined. *Number of mice with tumor/number of mice injected. c P = 0.02 compared with control. b P = 0.002 compared with control or AEE788. ) were injected into the peritoneal cavity of female nude mice. Seven days later, treatment began; mice were necropsied on day 33. Tumor incidence, tumor weight, and body weight were determined. *Number of mice with tumor/number of mice injected. c P = 0.03 compared with AEE788 alone. Tables 2A and 2B) . If there is colocalization, apoptotic endothelial cells have yellow nuclei. Data from experiments using SKOV3ip1 and Hey A8 paclitaxel-sensitive cells were pooled in Table 2A . In experiments using the paclitaxel-sensitive SKOV3ip1 and Hey A8 cells, minimal tumor cell or endothelial cell apoptosis was apparent in tumors from either control or single-agent AEE788 treatment groups (Table 2A) . However, treatment with a combination of AEE788 and paclitaxel significantly increased the number of TUNEL + tumor cells from 6 F 3 in the control group to 193 F 62 (P < 0.001). Hey A8 paclitaxel-resistant tumors from mice treated with only saline, single-agent AEE788, or only paclitaxel did not exhibit much apoptosis of tumor cells (Table 2B) . However, the combination therapy significantly increased the number of TUNEL + tumor cells from 4 F 2 in the control group to 138 F 65 (P < 0.001) in the paclitaxel-resistant tumors, suggesting that the combination therapy can inhibit progressive growth of tumors in part by an antivascular mechanism (data not shown).
To further define the mechanism of action, we did immunohistochemistry for CD31 and PCNA to examine changes in microvessel density and proliferation, respectively (Fig. 5) . Microvessel density was similar in the control and paclitaxel-treated tumors (22 F 4 and 23 F 5, respectively). Treatment with AEE788 alone or AEE788 with paclitaxel significantly decreased the microvessel density to 9 F 2 (P < 0.001 versus control and paclitaxel alone groups; Table 2A ). Similarly, PCNA was most significantly reduced in tumors receiving both paclitaxel and AEE788 (P < 0.001 versus all other groups). Hey A8 paclitaxel-resistant tumors from mice treated with only paclitaxel had no change in PCNA compared with either the control or single-agent AEE788 (Table 2B) . However, tumors from mice treated with AEE788 and paclitaxel had a statistically significant decrease in PCNA (88 F 28; P < 0.001 compared with controls). Similar to the paclitaxelsensitive cell lines, microvessel density was similar in tumors from control and paclitaxel-treated mice (21 F 13 in control; 21 F 9 in paclitaxel). Tumors from mice treated with AEE788 and paclitaxel had significant reduction in microvessel density (4 F 5; P < 0.01 compared with control and paclitaxel; P = 0.01 compared with single-agent AEE788). The combination therapy also induced necrosis in these tumors.
Discussion
Previously, it has been shown that expression of proangiogenic molecules, such as VEGF, by tumor cells can be stimulated by EGF signaling (31) . Indeed, antiangiogenic effects, such as decreased tumor cell production of proangiogenic molecules and inhibition of tumor-associated angiogenesis, have been described for several ErbB family inhibitors (30) . Therefore, our hypothesis was that the additional inhibition of VEGFR would not only act to accentuate the antitumor effects of EGFR inhibitors, but more importantly achieve antivascular therapy.
Blockade of the VEGFR and EGFR signaling pathways by oral administration of AEE788 combined with i.p. administration of paclitaxel significantly inhibited growth of paclitaxel-sensitive (SKOV3ip1 and Hey A8) and paclitaxel-resistant (Hey A8 paclitaxel-resistant) human ovarian cancer cells implanted into the peritoneal cavity of female nude mice. Paclitaxel reduced tumor weight by 46% to 83% in the paclitaxel-sensitive cell lines but not in the paclitaxel-resistant cell line. The oral administration of AEE788 alone reduced tumor growth in the paclitaxel-sensitive cell lines by 43% to 62% and in the Fig. 2 . A, Kaplan-Meier survival of SKOV3ip1orthotopically injected mice based on therapy. Mice that received the combination therapy of 50 mg/kg AEE788 and 125 Ag paclitaxel had the best survival compared with all other groups (P < 0.001).
Control (---); AEE788 (. . .. . .); paclitaxel (-..-); combination (öö). B, Kaplan-Meier survival of HeyA8 orthotopically injected mice based on therapy. Mice that received the combination therapy of 50 mg/kg AEE788 and100 Ag paclitaxel had the best survival compared with all other groups (P < 0.001). C, Kaplan-Meier survival of HeyA8 paclitaxel-resistant orthotopically injected mice based on therapy. Mice that received the combination therapy of 50 mg/kg AEE788 and125 Ag paclitaxel had the best survival compared with all other groups (P < 0.001). All groups had10 mice.
The equality of survival curves was tested using the log-rank statistic. paclitaxel-resistant cell line by 70%. The combination of AEE788 and paclitaxel had the greatest effect in decreasing tumor weight and increased survival of mice inoculated with paclitaxel-sensitive or paclitaxel-resistant ovarian cancer cells.
In all ovarian tumors, VEGFR, p-VEGFR, EGFR, and p-EGFR were expressed by tumor cells and tumor-associated endothelial cells, suggesting that blockade of receptor activation could affect endothelial cells as well as tumor cells. Indeed, administration of paclitaxel produced apoptosis of paclitaxelsensitive tumor cells but not paclitaxel-resistant tumor cells. However, treatment with both AEE788 and paclitaxel produced apoptosis in both tumor-associated endothelial cells and in tumor cells regardless of whether the tumors were resistant or sensitive to paclitaxel. These data, as well as previous data published from our laboratory (27) , suggest that inhibition of receptor tyrosine kinase on endothelial cells coupled with the administration of anticycling drugs can produce apoptosis in tumor-associated endothelial cells. Endothelial cell death results in disruption of existing tumor-associated vasculature, leading to hypoxia, decreased cell proliferation, tumor cell apoptosis, and eventually necrosis. The destruction of tumorassociated endothelial cells with combination therapy of AEE788 and paclitaxel resulted in reducing tumor burden and prolonging survival (32) .
Although AEE788 was effective in reducing tumor weight, the combination of AEE788 and paclitaxel was superior to the use of either agent alone. The inhibition of VEGFR and EGFR activation by AEE788 was not sufficient to induce the death of endothelial cells. However, the blockade of VEGFR and EGFR activation increased the sensitivity of tumor-associated endothelial cells to the effect of paclitaxel, suggesting that, in this orthotopic model, VEGF and EGF can function as survival or antiapoptotic factors (33 -37) . The finding that combination therapy was most effective against tumors produced by paclitaxel-resistant cells suggests that the primary target for therapy were the endothelial cells in the tumors and that their apoptosis led to a secondary wave of apoptosis in tumor cells. Collectively, these data suggest that the combination of AEE788 and paclitaxel reduces ovarian cancer growth by an antivascular mechanism. In contrast to cancer cells, tumor-associated endothelial cells are less likely to develop drug resistance (38) . Moreover, unlike endothelial cells in normal tissues, endothelial cells in vasculature of neoplasms undergo frequent cell division (39, 40) and should, therefore, be sensitive to anticycling agents. Indeed, continuous, low-dose taxane-based therapy was found to be highly selective against cycling tumorassociated endothelial cells (41) . c P = 0.001compared with control and AEE788.
b P < 0.001compared with control, AEE788, and paclitaxel. EGF-mediated tumor angiogenesis has been shown previously. Angiogenesis in tumors secreting large amounts of transforming growth factor-a or EGF is associated with endothelial cells that express EGFR. The blockade of EGFR targets these vascular endothelial cells in the tumor tissue and ultimately result in cell death (28, 29) . Additionally, monoclonal antibodies to EGFR inhibit tumor growth more potently in in vivo model systems than in in vitro cell culture studies, suggesting that mechanisms other than antiproliferative cell cycle effects must be contributing to tumor growth inhibition (44) . VEGF and EGF are principal survival factors that inhibit apoptosis and proliferation by activation of the Ras/PI3-K/Akt pathway (34, 36) . Akt can counteract apoptotic signaling by phosphorylating and inactivating caspase-9, proapoptotic protein Bad, and Forkhead transcription factors involved in the expression of proapoptotic proteins (45) . VEGF protects endothelial cells against tumor necrosis factor-a and serum starvation -induced apoptosis (34, 46) . Additionally, VEGF induces the expression of antiapoptotic proteins Bcl-2 and survivin in human endothelial cells (33 -35) . AEE788 inhibits phosphorylation of EGFR and VEGFR and consequently reduces activation of mitogen-activated protein kinase, Akt, and phosphoinositide-3 kinase. The endothelial cells and tumor cells are then vulnerable to cytotoxic agents such as paclitaxel. These data confirm the potential role of VEGF and EGF as survival factors.
Other mechanisms may explain the additive effects of AEE788 and paclitaxel in addition to their effects on VEGF, VEGFR, EGF, and EGFR. Inhibition of VEGFR signaling in tumor stroma can increase tumor uptake of chemotherapeutic agents, occurring most likely as a consequence of decreased tumor interstitial fluid pressure by producing a morphologically and functionally ''normalized'' vascular network and not by restoring lymphatic function (47) . The exact mechanism by which inhibition of EGFR signaling causes chemosensitization, however, remains controversial (44) . Blockade of EGFR causes an inhibition of cyclin-dependent kinase-2 and cell cycle arrest in the G 1 phase (44) . Additionally, it is well established that paclitaxel exerts its cytotoxic effects by binding a-tubulin and stabilizing microtubular structures, leading to cell cycle arrest (48) . Therefore, combination of AEE8788 and paclitaxel may have additive effects by targeting cell cycle arrest.
Cancer is a heterogeneous disease that requires multimodality therapy (49) . Although paclitaxel is an effective, well-tolerated first-line chemotherapeutic agent for treatment of ovarian cancer, many patients will develop paclitaxel-resistant tumors, and then treatment of the disease requires targeting host factors. Recently, bevacizumab (VEGF neutralizing monoclonal antibody), in combination with chemotherapy, resulted in improved progression-free and overall survival in advanced colorectal carcinoma, leading to its approval by the U.S. Food and Drug Administration for first-line treatment for patients with metastatic colorectal cancer (50) . Based on encouraging results with antivascular targeting in other cancers and our preclinical data, it is possible that dual blockers of VEGFR and EGFR signaling, such as AEE788, in combination with chemotherapy may enhance survival of patients with advanced or recurrent ovarian carcinoma. AEE788 has recently entered phase I clinical trials in cancer patients; however, its combination with chemotherapy in clinical trials remains to be studied.
